In this paper, we study rare semileptonic decays of meson in the context of type-I, II, and III two Higgs doublet model. We follow the relativistic quark model for parameterizing the form factors used in matrix elements of weak transitions between the corresponding meson states. We investigate the observables such as branching ratio, lepton polarization asymmetry, forward-backward asymmetry, etc. and analyze the dependence of these quantities on the model parameters. We have found that there are noticeable sensitivity of these observables for charged Higgs boson, which may provide a powerful probe to the standard model and new physics beyond it. Keywords: Standard model, exclusive rare decays, models beyond the standard model, extensions of electroweak Higgs sector.
I. Introduction
Motivated by the anomalies present in → + − neutral current decays, the rare B-meson decays induced by → flavor-changing neutral current (FCNC) transitions become the main attraction of researchers. These channels are forbidden at tree level but appear at the loop level within the standard model (SM). Rare B decays offer the possibility of more precise determination of the SM parameters and are very sensitive to the new intermediate particles.
Within the SM background, most of the experimental observations could be explained except some of the discrepancies lying in the angular observable 5 ′ [1] of → * + − , branching ratio of → + − [2] , lepton flavor non-universality parameter ( * ) [3, 4] and ( * ) [5] etc.
With the possibility of upcoming production of a large number of meson at future LHC run (with the luminosity values of ℒ = 10 34 cm -2 s -1 and √ = 14TeV), one might explore the rare semileptonic decays to ( * ) + − induced by FCNC → transitions. These transitions are useful probes to test the SM, and various extensions of the SM [6, 7] due to the following reasons: (i) Analysis of such transitions provide valuable information about the nature of pseudo-scalar meson and vector * meson, along with the strong interactions inside them. (ii) The polarization asymmetries, CP, and T violations could be explored from the form factors of these transitions. (iii) These could offer a new framework to calculate small CKM elements ( = , ) and leptonic decay constants of and meson with high accuracy. (iv) The possible involvement of the fourth generation, SUSY particle [8] , and light dark matter [9] might be present in the loop transitions of → .
The meson [10] is the only one particle composed of two heavy quarks and , which are of different charge and flavor. Those heavy quarks are bound to the lowest state to form meson and thus several properties of its decay modes are different from other flavor neutral processes. Since other excited states of ̅ lie below the threshold of decay into the pair of and mesons, such states decay weakly without annihilation due to electromagnetic and strong interactions. It is expected to be an ideal system for the study of weak decays of heavy quarks. Either of the heavy quarks ( or ) can decay individually unlike , or meson. As there is only one hadronic final product, among numerous decay channels semileptonic meson decays are relatively clean in the theoretical aspect. Further study of the rare weak decays is based on the electroweak effective Hamiltonian. The QCD corrections to these modes due to hard gluon exchanges are likely to have more importance and resum of large logarithms is needed through renormalization group methods. For the investigation of the exclusive rare decays, non-perturbative methods are required to calculate the hadronic matrix elements between initial and final meson states, which are typically parameterized in terms of covariant form factors. Apparently, such calculations are model dependent. Previously the semileptonic decays have been analyzed in several approaches. In ref. [11] , authors described a detailed study of the exclusive semileptonic decays in the framework of Bauer-Stech-Wirbel. In refs. [12] [13] [14] , the studies were done in the relativistic and/or constituent quark model, whereas in refs. [15, 16] , → * + − channels have been investigated in the SM with the fourth generation and supersymmetric models. In refs. [17, 18] , the authors presented the three-point QCD approach for their analysis. The light-front quark model was adopted by the authors in refs. [19] [20] for their needful probes. In ref. [21] authors explored the perturbative QCD approach to study the semileptonic decay channels. New physics contributions to → * + − decay have been studied extensively in ′ model [22] , single universal extra dimension model [23] and also analyzed in model-independent way using effective Hamiltonian approach [24, 25] .
In this paper, we study the rare → ( , * ) + − decay adopting the background of QCD-motivated relativistic quark model [14] and supplement the previous analysis by considering the effect of charged Higgs boson in the two Higgs doublet model (2HDM) [26] [27] [28] . It is one of the well-motivated and useful extensions of the SM. Having two complex scalar doublets Φ 1 and Φ 2 FCNC at tree level transition is allowed in 2HDM, but this could be avoided by providing an ad hoc discrete symmetry. The possible way out to avoid FCNC which implies retaining flavor conservation at tree level is to couple all the quarks to Φ 2 instead of Φ 1 , which is mostly known as type I. The second option somehow harmonizes with the minimal supersymmetric model (MSSM), i.e., to couple the down-type quarks only to Φ 1 whereas the up-type quarks couple to Φ 2 , which is commonly known to be type II [29, 30] . Consequently, there are several works done in search of a generic 2HDM without discrete symmetries as in types I and II, known to be type III. In this type, all the quarks couple to both the doublets Φ 1 and Φ 2 providing allowed FCNC at tree level [31, 32] . It indicates that type III should be parameterized such that the tree-level FCNC for the first two generations are suppressed whereas FCNC for the third generation might be non-zero until they violate the experimental data like − ̅ mixing, ( → + − ), → , etc.
Our paper is arranged as follows. In sec. II, we describe the general structure of 2HDM. The next section contains the formulation of the effective weak Hamiltonian for → + − transitions in the SM and 2HDM. We also discuss the hadronic matrix elements of weak current between meson states for → and → * channels and their parameterization in terms of various meson to meson form factors. In sec. IV, helicity amplitudes for → + − and → * + − decay modes are presented. This section also contains the descriptions of other physical observable like decay rate, lepton forward-backward asymmetry, polarization fraction, lepton polarization asymmetry and lepton flavor universality (LFU) parameter in 2HDM. Sec. V is devoted to the numerical calculation and graphical representation of these observables. Sec. VI contains a summary of the whole study with concluding remarks.
II. The general structure of 2HDM
Before starting the detail discussion about the effective Hamiltonian, we would give a brief description of some essential points of the 2HDM. As we have already discussed before that 2HDM has two complex scalar Higgs doublets, unlike the SM, which has only one. Type I, II and III have been also described before. Model II has gained more attraction due to the same nature of the Higgs sector as of the supersymmetric models. The Higgs sector contains three neutral Higgs bosons 0 , ℎ 0 and 0 , and a pair of charged Higgs bosons ± . The interaction vertices of the Higgs boson and fermions of these models are dependent on the ratio tan = 2 1 , where 1 and 2 are the vacuum expectation values (VEVs) of the first and second Higgs doublets, respectively. tan is a free parameter of the model I and II, which usually obtains constraints from − ̅ mixing, − ̅ mixing, → decay width, and semileptonic decay → ̅ which are previously defined as [33, 34] :
).
Recently in ref. [35] , these models with softly broken ℤ 2 symmetry have considered another prior for statistical analysis in a Bayesian fit as follows: −1.1 ≤ log(tan ) ≤ 1.7 (equivalent to 0.08 ≤ tan ≤ 50) [29] , 130 GeV≤ 0 , , + ≤ 1.6 TeV.
Type III 2HDM is the most general one among all the three types of this model. Since other popular models like type I and II are special cases of type III so here we will present the details of the type III model only.
The vacuum structure of 2HDM is generally very rich and the scalar potential contains 14 parameters, which can have CP-conserving, CP-violating, and charge-violating minima.
Here we assume CP is conserved in the Higgs sector and not spontaneously broken which means CP-odd Higgs state is not mixed with CP-even Higgs state. Under these assumption the most general form of scalar potential for two doublets Φ 1 and Φ 2 with hypercharge +1 is,
(2)
There are two SU(2) scalar doublets Φ ( = 1,2) which are parameterized as
where 1 and 2 satisfy = √ 1 2 + 2 2 and = 246.22 GeV which is vacuum expectation value (VEV) of SM [36] . With these two doublets one can obtain eight fields three of which are Goldstone bosons ( ± , 0 ) and get eaten by ± and 0 gauge bosons for their mass generation. The remaining five are physical scalar fields giving rise to two CP-even neutral scalars (ℎ 0 , 0 ), one CP-odd pseudoscalar ( 0 ) and one pair of charged scalar ( ± ). These fields could be defined as 
The additional scalar of beyond SM contributes to the gauge boson vacuum polarization and this leads to constraint all three 2HDM scenarios with electroweak precision data. When the mass of extra scalar bosons are large compared to , their contributions could be represented in terms of three oblique parameters , , and . Among these three particularly the T parameter bounds the mass splitting between 0 and ± and is sensitive to weak isospin violation in the scenario where ℎ 0 is identified as SM-like Higgs. The ( + ) parameter implies NP contributions to neutral (charged) current processes at different energy scales. The third parameter U is constrained only by the boson mass and decay width. The explicit expressions of , and could be found in ref. [42] and their updated values are as follows = 0.04 ± 0.11, = 0.09 ± 0.14, = −0.02 ± 0.11, with correlation coefficients of +0.92 between and , −0.68 between and , −0.87 between and . Fixing = 0 one obtains | =0 = 0.04 ± 0.08 and | =0 = 0.08 ± 0.07. Except for the masses of scalars, all other parameters of 2HDM are free to vary. These oblique parameters constrain the values of 0 and 0 to be close to ± for fixed − = /2. Taking out this restriction would relax the constraint to have either close to ± or 0 larger than ± .
In general framework of type III 2HDM, the FCNC parameters have been considered to be small at low energy like ~. They may increase and could have large positive contributions when one-loop renormalization group equations (RGEs) running up the energy scale. They behave differently in the FCNC Yukawa sector at higher energy than at the low energy (electroweak). The Landau pole is such an energy where the couplings blow up and become infinite. Any finite value of coupling would have Landau pole at some energy level above which new physics particles tend to exist. In our analysis, we have considered the most general scenario which is based on the assumption that ℎ 0 = 125 GeV. This light Higgs state is expected to be the SM-like Higgs boson. We also impose the lower bounds as 0 , 0 > ℎ 0 whereas for charged scalar the bound is fixed at ± ≥ 160 GeV. These bounds would induce Landau pole at an intermediate scale while running the RGE at higher energies. The Cheng-Sher (CS) ansatz [43, 44] allow to construct one loop RGEs for evaluating the Yukawa parameters as well as the gauge and scalar quartic couplings at low energy scale ~ to fulfill the FCNC suppression restriction.
As discussed earlier, type III 2HDM allows the coupling of up-type and down-type quark with both the doublets, so without losing the generality a new basis could be considered where the first Higgs doublet is responsible for the mass generation to all gauge bosons and fermions within the SM and new Higgs field is produced from second doublet. This fact promotes to formulate of the flavor changing (FC) part of Yukawa Lagrangian at tree level as
where, , represent generation indices, ̅ is the left-handed fermion doublet, and are right-handed quark singlets, ̅ and are left-handed SU(2) lepton doublet and SU(2) singlet respectively, ̃2 = 2 2 . Here, , , are generally non-diagonal coupling matrices. The couplings , are the open window for tree-level FCNCs and can be parameterized for FC charged interactions as ℎ = , ℎ = , All the states above are weak states and when we do a proper rotation and diagonalization of the mass matrices for fermions and Higgses, eq. (12) could be rewritten in terms of mass eigenstates as follows [45] 
where, , , are mass eigenstates of up-and down-type quarks and leptons, respectively. = ( ) † is the usual CKM matrix element, ( ) = (1∓ 5 ) 2 are the projection operators and , , are FC Yukawa quark matrices which include FCNC couplings. Continuing our discussion further we adopt the Cheng-Sher (CS) ansatz in this work [45] ,
This ansatz highly secures the suppression of FCNC within the first two generations for small quark masses, while larger freedom is allowed for third-generation FCNC. The interesting fact about that complex nature of 's is that it includes electric dipole moments of electrons and quarks as a consequence of the explicit CP violation due to the complex phase in the charged Higgs sector. So, for simplicity we consider ̂, to be diagonal and consequently 's are also diagonal.
To have a truthful type III 2HDM one would expect ~1, but this is a fairly loose requirement since there are unknown mixing angles. Using Cheng-Sher ansatz and assuming 0 = 120 GeV, Branco et al. [46] found the couplings as ( , , , ) ≤ (0.1, 0.2, 0.06, 0.06). This might be challenging for type III, but increasing 0 to 400 GeV all the bounds of the above couplings could be increased by more than a factor three. In [47] , it is shown that the bound is increased substantially as the pseudoscalar mass increases. These bounds depend basically on the upper renormalization scale, i.e., gauge unification scale Λ~10 16 GeV. The upper bound on the lightest CP-even scalar would be changed from 300 to about 100 GeV when Λ is varied from 10 3 to 10 16 GeV. If we require perturbativity up to the GUT scale all the gauge and Yukawa couplings go much below √4 , because Yukawa couplings encounter Landau pole before the GUT scale when tan = 2 1 = 1. So, in order to have a phenomenologically feasible suppression of scalar mediated FCNCs in perturbative Yukawa sector, we have to consider ~1 for ~. Furthermore, several bounds on other couplings are extensively reviewed in [46] . From eq. (13), we see that, at tree level → + − transitions have contribution due to neutral Higgs boson exchange diagrams ~ ̂̂1 2 − 0 ( 0 ) 2 [( ̅ ( 5 ) )( ̅ ( 5 ) )] 0 ( 0 ). So, it is essential to impose a natural condition to suppress such FCNCs, namely natural flavor conservation [48] . To proceed further, we consider only the charged Higgs boson contributions into account and neglect the effect of that neutral Higgs boson. Here we assume the masses of neutral Higgs bosons are heavy compared to the quark mass and thus only contribute to → decay. From ref. [49] we can see that neutral Higgs boson could provide a large contribution to 7 . At this level, we can make a choice that the couplings ̅ ( ), ( = , , ) and ̅ ( ), are negligible in order to reach the conditions ̅ , ̅ , ≪ 1 and ̅ , ̅ , ≪ 1. These choices permit us to neglect NHBs exchange diagrams [50] and → + − transitions receive contribution only from ± , , and charged Higgs boson. And remarkably, the charged Higgs field does not yield any new operators to → + − transitions, instead modify only the value of SM Wilson coefficients [51, 52] .
III. The formalism of effective Hamiltonian for → + − transition
The effective Hamiltonian representing → ( * ) + − decays consisting |Δ | = |Δ | = 1 transition for both the SM and 2HDM could be expressed in terms of a set of local operators and is written in the following form [53] 
where, is the Fermi constant and , * are the corresponding CKM matrix element for → transition. ( ) are the set of local operators and ( ) are the relevant Wilson coefficients that contain short-and long-distance contributions evaluated at renormalization scale = = 4.8 GeV. The additional operators ( ) represent the contribution coming from neutral Higgs boson (NHB) exchange diagrams, whose forms and corresponding Wilson coefficients ( ) are given in ref. [54] .
The new Hamiltonian responsible for the → ( , * ) + − decay mode in type III 2HDM is given as
where, 7 2 ( ), 9 2 ( ) and (3 − 2) 6( − 1) 3 ln ), 9 2 ( ) = 9 ( ) 10 2 ( ) = 10 ( ) , (19) where, 2 ( ) = 1, C 2 ( ) = 0 and 7 ( ), C 7 ( ), 8 ( ), C 8 ( ) are given in ref. [57] . The coefficients and ℎ are given as [58, 59] .
The Wilson coefficient 9 in the NDR scheme could be found in refs. [57, 58] . 9 contains the contribution from perturbative terms, i.e., known as short-distance contribution. It also contains charm loop contribution arising due to two lowest resonances / (1 ) and (2 ) [14] , which could be obtained by a non-perturbative approach. At scale, for the coefficient
. For further details, one can see ref. [60] .
In type III 2HDM, mass of charged Higgs boson and the coefficients , are free parameters among which and are complex in nature. Here, = | | where represents the only single CP phase of the vacuum. Thus allows the charged Higgs boson to produce constructive or destructive interference with the SM contribution.
One important point is that we can obtain model I and II from model III by substituting the following relations:
= cot , = − cot 2 for type I = cot , = 1 for type II
The hadronic matrix elements for → + − decays could be written in terms of three invariant meson to meson transition form factors. These are
Similarly, for → * + − channels the hadronic matrix elements could be parameterized in terms of seven invariant form factors. These are
(
where, = ( − , * ) is the four-momentum transfer and is polarization vector of * meson. For evaluating the form factors, we adopt the relativistic quark model [14] approach.
The Feynman diagrams for corresponding quark transitions are shown below in figs. 1 and 2.
IV. Helicity Amplitudes and Physical Observables
For obtaining helicity amplitudes we consider the pattern after refs. [14, 15] and reuse the techniques of refs. [61, 62] . Our helicity amplitudes for → + − decay mode are written as 
As the final meson is a pseudo-scalar meson and does not have any polarization direction, so the transverse helicity amplitudes for → + − channel are 0.
Similarly for → * + − modes, the hadronic helicity amplitudes are
where,
Based on the calculation of ref. [25] , the three-body → + − and → * + − differential decay rate could be written as,
where, is the lepton mass and
The differential ratio of branching ratio also known as LFU parameter is defined as , * ( 2 ) = Γ/ 2 ( → ( , * ) + − ) Γ/ 2 ( → ( , * ) + − ) . (27) Besides that, we also study some other observables like forward-backward asymmetry ( ) and the longitudinal polarization fraction ( ) of the final vector meson in the decay → * + − . While analyzing the channel → * + − , and have got wide attention both theoretically and experimentally. It is expected to collect more information on the Wilson coefficient by investigating these observables. The forward-backward asymmetry ( ) is given by [25] (
A notable fact is that forward-backward asymmetry observable for the → + − the channel is zero in the SM which consequently states parity-even nature. The non-zero value of states parity-odd effects arising due to parity-conserving contribution coming from scalarvector interference.
≠ 0 might be possible if it receives contributions from scalar, pseudoscalar or tensor new physics operator. But in our model, no new operator has been introduced instead only the Wilson coefficients have been modified. So we stick to the zero forward-backward asymmetry and do not discuss this observable for → + − .
Similarly, the longitudinal polarization fraction ( ) of the * meson is written as [25] ( 2 ) = 0 (1) 0 †(1) (1 + (2) † (2) .
Here, ℎ is helicity of the final state leptons.
V. Numerical Analysis

A. Inputs
The input parameters which we have used for our investigation of all decay observables are as follows [64] The relevant Wilson coefficients have been estimated at leading order (LO) from the formulae given in sec. III and collected in Table 2 . A relativistic quark model based on a quasipotential approach has been used in ref. [14] to determine various form factors for the transition of → + − and → * + − .
It has been shown in there that the form factors have been parameterized as , (31) for ( 2 ) = + ( 2 ), ( 2 ), ( 2 ), 0 ( 2 ), 1 ( 2 ) and for ( 2 ) = 0 ( 2 ), 1 ( 2 ), 2 ( 2 ), 2 ( 2 ), 3 ( 2 ) the parameterization is as follows
where = for 0 ( 2 ) and = * for all other form factors. From ref. [64] we take = 5.36689 GeV and * = 5.4154 GeV to evaluate them. The form factors at 2 = 0 and the fitted parameters 1 and 2 have been taken from ref. [14] and tabulated in Table 3 . These form factors provide information about the hadronization of quarks and gluons which involve QCD in the non-perturbative region and produce significant uncertainty to the decay observables. To gauge the effect of the form factor uncertainties or various observables we have taken ±5% error in (0), 1 and 2 also considered the uncertainty in the CKM element.
B. Experimental Constraints
Mainly the collider searches for production and decay of on-shell charged Higgs bosons provide the direct constraints to this new particle. Being within a much robust limit, the sensitivity of these searches is generally restricted by the extent of the allowed kinematic region of each experiment. The LEP mostly searches for the pair-production of charged Higgs bosons in Drell-Yan events, + − → / → + − . Considering four LEP experiments from searches in the and final states a lower limit of ± ≳ 80 GeV has been obtained [65] assuming the absence of a light neutral Higgs boson ℎ 0 in the decay ± = ± ℎ.
At hadron colliders, searches for charged Higgs boson may be categorized into two types. First, a light charged Higgs boson below the top quark mass are being searched from top quark decays → ± ; second, a charged Higgs boson could be produced in association with a top and bottom quark → ± . For searching a light charged Higgs boson i.e. + < , the first one is more promising and has gained priority at LHC Run I with √ = 7 and 8 TeV [66] [67] [68] [69] [70] . For light ± with mass values 80 to 160 GeV the production channel via top quark decay → ± ± ̅ at next-to-leading order (NLO) is considered. On the other side, LHC Run II with an increased center-of-mass energy √ = 13 TeV, → ± becomes stringently important as it is sensitive to the charged Higgs boson heavier than top quark. So far LHC searches for heavy ± with mass range 180 GeV to 3 TeV in the production channel → ± and in the charged Higgs decay modes ± → [67, 71-73] and ± → [74] during Run II. By CMS collaboration, the upper limits at 95% confidence level are set on ± ( ± → ) for 80 < ± < 3000 GeV, including the range close to the top quark mass. The observed limit ranges from 6 pb at 80 GeV to 5 fb at 3 TeV. The results are given in ref. [75] implies the constraints in the parameter space of the MSSM benchmark scenario. In this scenario all values of tan ranging from 1 to 60 remain excluded for ± ≤ 160 GeV. ATLAS collaboration [76] set 95% upper limit on → ± production cross-section times branching ratio ( ± → ) which range from 2.9 (3.0) pb at ± = 200 GeV to 0.070 (0.077) pb at ± = 2 TeV.
Other searches for charged Higgs boson have been performed in vector-boson fusion production channel with subsequent decay ± → ± . But there is no tree level ± ∓ coupling present in the 2HDM. In ref. [77] it is shown that while obtaining the cross-section for → ± at 8 and 13 TeV, the interference contribution ∝ has been neglected and the dominating contribution in the cross-section term ∝ 2 (∝ 2 ) has been considered if > ( < ) occurs.
The and ( → ) [77] . The experimental measurement of the parameter bounds the size of | | around 50 [77, 53] . This bound on | | would increase the Yukawa coupling to be greater than unity and thus hit the Landau pole at an intermediate scale (Λ ) [83] . To have finite values of all the couplings, we evaluate RGEs at the energy scale excluding Λ . Results from CLEO and ALEPH Collaborations [84, 85] for ( → ) impose firm restrictions on ± and tan . Other indirect constraints on the ratio ± / tan could be obtained from the analysis of → ̅ decay, where ± ≥ 2.2 tan GeV [86] and from lepton decays ± ≥ 1.5 tan GeV [87] . In ref. [80] one could find more restrictions on the mass of charged Higgs boson.
In ref. [37, 88] authors have studied 2HDM parameters in light of rare decays. Branching ratio of → + − , → , ( → + − ) ℎ ℎ 2 and zero-crossing of the forward-backward (FB) asymmetry of → * + − are used to constrain the 2HDM parameter space on ± − tan plane. The main reason to pick up such decay modes is that existing hadronic uncertainties in these modes are under good theoretical control. For type-I low values of tan (~2) implies ± > 80 GeV which is consistent with LEP data and also with the value of charged Higgs mass constrained from ( → + − ). The zero-crossing of FB asymmetry of → * + − allows the value tan > 2.5 but this bound decreases to 1 when ± is increased up to 800 GeV. In type II ± < 125 GeV is excluded from zerocrossing of FB asymmetry. However, ( → ) narrowed down the allowed band of ± to 460 − 840 GeV. Type III 2HDM has almost the same nature of constraints as that of type II except ± < 85 GeV. Other constraints on and are extensively discussed in ref. [88] . The constraints coming from ℬ( → + − ) and ( → + − ) ℎ ℎ 2 with a pull at 2.1 level exclude the low tan ≲1 region irrespective of the type of 2HDM. Further discussion of this bound could be found in ref. [77] .
Combining electroweak precision data, Higgs coupling measurements, flavor observables and the anomalous muonic magnetic moment, global fit has been done on parameters of different types of 2HDM [42] . The lightest scalar Higgs boson ℎ 0 is identified with the observed SM Higgs boson of mass 125.09 ± 0.24 GeV. While no other NP contribution except 2HDM is assumed, all other model parameters are allowed to vary as 130 < 0 , 0 < 1000 GeV, 100 < ± < 1000 GeV, 0 ≤ − ≤ , 0.001 < tan < 50 and −8 × 10 5 < 12 2 < 8 × 10 5 . Due to huge range of 2HDM parameters, these fitting values provide only weak exclusion limits on scalar masses. From the searches of LEP [65] experiments a lower limit is reported for type I scenario as ± > 72.5 GeV, whereas LHC searches [77] have found the limit for type II scenario as ± ≳ 150 GeV. Stronger bounds on mass limits mainly on ± could be attained for a specific region of tan .
C. Decay observables for → ( , * ) + − in 2HDM
In this paper, we have studied the branching ratio, lepton polarization asymmetry, forwardbackward asymmetry, longitudinal polarization fraction and LFU ratios for → ( , * ) + − channels. We first calculate these parameters in the SM, results are shown in Table 4 -Table 7 . The observables have been evaluated for three different 2 bins i.e. lower region (0.045-1), middle region (1-6) and higher region (13.6-17.5) . We have excluded the region for ̅ loop resonance in our numerical analysis. The central values of observables are determined from the central values of input parameters and propagating the error through form factors and CKM elements, we have got the uncertainties in decay observables. Within the SM, the branching ratio for both → and → * transitions are found to be ~10 −8 whereas we obtain one order increment in high 2 region for the channel → * + − . These results are expected to be within the sensitivity of future run of LHCb because of the plentiful production of meson. As discussed before for the pseudo-scalar mesons, there is no forward-backward asymmetry present in our analysis due to zero transverse helicity. So mesons do not have any polarization direction resulting unit value in the longitudinal polarization fraction. In the SM, the LFU parameters , * ~1 within the region of 1 < 2 < 6 GeV 2 . From Tables 4-7, it is very clear that the uncertainties associated with LFU ratios are very less than other observables.
Our main interest is to determine the effect of charged Higgs boson on decay observables of → ( , * ) + − modes in type III 2HDM. To this end, we have calculated all these observables in type III 2HDM considering = 2 and = 50. All the measurements are done for different mass of charged Higgs boson within the region 160 GeV < ± < 1000 GeV. All the results in 2HDM (type III) are tabulated in Tables 8-15 . The graphical explanations of differential branching ratio and other decay observables (for both → + − and → * + − channels) with model parameters in type I, II and III 2HDM are shown in figures below. In order to show the dependence of decay observables on tan as well as we have depicted the decay distribution plots in all three types of 2HDM. As the mass spectrum and experimental bounds are different for these three scenarios, so numerical values would also be different. But concerning the length of this paper final values are given only for the type III model.
In the figures, the solid black line represents the SM prediction whereas the dashed lines are labeled for different mass of charged Higgs boson as: black solid horizontal line-SM prediction, blue dashed-± = 160 GeV, red dashed-± = 250 GeV, green dashed-± = 500 GeV, purple dashed-± = 1000 GeV. Fig. 3 it is clear that the differential branching ratio for → + − mostly decreases in all types of 2HDM, but some bounds on model parameters could raise those values. In type I 2HDM ( fig. 3 (a) ) we have seen that within the range of parameters 2.5 ≤ tan ≤ 3 and 160 < ± < 250 GeV the differential branching ratio increases, whereas in type II ( fig. 3 (b) ) the region of tan is narrowed down to 2.2 ≤ tan ≤ 2.4 for the noticeable increment. In Fig. 4 it is shown that for → * + − the differential branching ratio decreases in type I, increases in type II and type III satisfies the SM value with some increment for different parameter choices. Figs. 5 and 6 depict that increase in for → + − channel is very small in 2HDM, but the effect is noticeable for the other mode. From Figs. 7 and 8 , it is clear that the observables and are decreased for all three types of 2HDM. The deviation of each observable from the SM with varying model parameter and ± are shown in the above figures. Now we represent the variation of each parameter with momentum transfer 2 . Figs. 9 and 11 show the deviations of differential branching ratio for both the decay channels in 2HDM from their SM value. The effect of new charged Higgs boson is not substantial enough for → + − but significantly large for → * + − . Here we have shown the differential branching ratio of → + − for two different regions, i.e., the regions 1 < 2 < 6 GeV 2 and 13 < 2 < 18 GeV 2 to understand the slight variations in large scale measurements. For another mode i.e. → * + − the maximum deviation arises for 0.15 < < 0.3 and 160 < ± < 250 GeV. Here we have shown the total variation through the whole kinematical region. This channel is more interesting as the branching ratio is increased from SM value in whole 2 region providing a higher possibility of experimental detection of this decay mode. In the resonance region both the SM as well as type III 2HDM curves are suffering from huge uncertainty due to ̅ loops, providing two large infinite peaks. Thus NP and SM could not be distinguished in those resonance peak regions. Also, NP curves and SM curve merge together for larger 2 i.e. 2 > 16.5 GeV 2 . We have studied all these variations keeping the model parameters fixed at = 0.3 and = 50. In the SM, the lepton polarization asymmetry ( ) for → + − is almost ~− 0.7
for both lower and higher 2 region and ~− 0.9 for middle 2 region. The effect of 2HDM to is quite small for → + − . On the other hand, the maximum value of this parameter for the channel → * + − in the SM is ~− 0.16,~− 0.8 and ~− 0.67 for lower, middle and higher 2 respectively. From Fig. 10 it is very clear that the max value of could be found for ± = 160 GeV whereas in Fig. 14 this parameter increases in similar manner for all the masses and thus we can state that the mass of charged Higgs is not affecting much to this observable for → * + − process. It should be noted that the sign of of → * + − is very sensitive to the charged Higgs contribution and becomes positive for the lower region of 2 where SM could not explain this ambiguity. This property might be thought-out to be one of the most favorable probes in searching for new physics beyond the SM.
Interestingly the forward-backward asymmetry ( ) is found to be present only for → * + − channel in this study. Fig. 12 depicts the dependence of forward-backward asymmetry i.e. for the leptons produced in → * + − transition on the square of momentum transfer. Here it is found that the zero-crossing point of shifts to 2~2 .9 GeV 2 in 2HDM from its SM zero point 2~1 .9 GeV 2 . Thus determining the sign of in this domain could provide us some clear information about the existence of charged Higgs particle.
For → + − , the longitudinal polarization fraction ( ) has unit value. We observe no variation of this value as meson does not have any polarization direction. In Fig. 13 , the polarization fraction of the vector meson * plays quite an interesting role having considerable effects from the charged Higgs boson. The values have been decreased with an increase in ± within the region 1 < 2 < 10 GeV 2 significantly. For example, with ± = 160 GeV the values of decreases to about 70% of the SM result. The higher region is not much affected by the presence of new charged Higgs boson. Therefore, it is hoped that measurements of polarization fraction could be a promising tool for establishing the 2HDM.
For the analysis of LFU parameters, we consider only the middle and higher momentum transfer regions as the lower region is not much sensitive in our analysis. Within the SM, the ratios and * ~1 for both the channels for 1 < 2 < 6. In the region 13.6 < 2 < 17.5, and * are slightly less than unity. In 2HDM for → + − channel, = 0.05 decreases the ratio whereas = 0.3 drives them above the SM. For → * + − channel, the value of * is increased with 0.05≤ ≤ 0.3 and 160 GeV ≤ ≤ 1000 GeV within 1 < 2 < 6. But in higher 2 region the value decreases slightly with some other choices of
VI. Conclusion
In this paper, we have investigated the decay modes → + − and → * + − in the 2HDM. We have analyzed various decay observables such as branching ratios, forwardbackward asymmetry, polarization fraction, lepton polarization asymmetry and LFU parameters using a relativistic quark model. We have found that the branching ratio for pseudoscalar mode of meson (i.e. → + − ) is less sensitive to the new charged Higgs particle than its vector mode (i.e. → * + − ). Branching ratio for the vector mode consists of some considerable increment in 2HDM than its SM predictions and decreasing the value of ± increases the branching ratio. The forward-backward asymmetry carries out much attention in the lower momentum transfer region. Moreover, in 2HDM type III, zero point of the SM shifts towards higher 2 and the value of in lower 2 increases with decreasing value of ± . This indicates that ± = 160 GeV provides maximum value of within 0.045 < 2 < 3 GeV 2 . The lepton polarization asymmetry ( ) deviates sizably from that of the SM and especially for → * + − the parameter gets positive value in lower 2 which is a fascinating fact for establishing new physics. The polarization fraction is also sensitive to 2HDM with notable decrement from the SM results with decreasing ± . The analysis of LFU ratios and * are quite exciting in our study because there are both increment and decrement from the SM values for different choices of model parameters and ± . So further experimental verification is needed to determine the suitability of our model. Then only any strict explanation of lepton flavor universality violation from these two ratios in 2HDM could provide the limits to the Yukawa couplings and mass of charged Higgs particle.
Concluding the whole study, it might be stated that the semileptonic channels of rare charm B meson e.g. → + − and → * + − are not being experimentally observed so far. The sensitive measurements of different decay observables of these channels are needed to open up new possibilities towards new physics beyond the SM. We hope our study for these decay modes in 2HDM will play a crucial role in future.
